Ghosh P, Solis FR, Dominguez JM 2nd, Spier SA, Donato AJ, Delp MD, Muller-Delp JM. Exercise training reverses aging-induced impairment of myogenic constriction in skeletal muscle arterioles. J Appl Physiol 118: 904 -911, 2015. First published January 29, 2015 doi:10.1152/japplphysiol.00277.2014.-To investigate whether exercise training can reverse age-related impairment of myogenic vasoconstriction in skeletal muscle arterioles, young (4 mo) and old (22 mo) male Fischer 344 rats were randomly assigned to either sedentary or exercise-trained groups. The roles of the endothelium and Kv1 channels in age-and exercise training-induced adaptations of myogenic responses were assessed through evaluation of pressure-induced constriction in endothelium-intact and denuded soleus muscle arterioles in the presence and absence of the Kv1 channel blocker, correolide. Exercise training enhanced myogenic constriction in arterioles from both old and young rats. In arterioles from old rats, exercise training restored myogenic constriction to a level similar to that of arterioles from young sedentary rats. Removal of the endothelium did not alter myogenic constriction of arterioles from young sedentary rats, but reduced myogenic constriction in arterioles from young exercise-trained rats. In contrast, endothelial removal had no effect on myogenic constriction of arterioles from old exercise-trained rats, but increased myogenic vasoconstriction in old sedentary rats. The effect of Kv1 channel blockade was also dependent on age and training status. In arterioles from young sedentary rats, Kv1 blockade had little effect on myogenic constriction, whereas in old sedentary rats Kv1 blockade increased myogenic constriction. After exercise training, Kv1 channel blockade increased myogenic constriction in arterioles from both young and old rats. Thus exercise training restores myogenic constriction of arterioles from old rats and enhances myogenic constriction from young rats through adaptations of the endothelium and smooth muscle Kv1 channels.
correolide; myogenic; endothelium MYOGENIC AUTOREGULATION refers to the ability of blood vessels to constrict or dilate in response to intraluminal pressure changes. Disruption of this process in the resistance vasculature, as occurs with aging, can impair regulation of peripheral vascular resistance and tissue-specific blood flow. Aging alters the distribution of rat muscle blood flow during exercise (28) , increasing flow to low-oxidative glycolytic muscles and decreasing flow to high-oxidative muscles. This alteration is concomitant with impaired myogenic vasoconstriction in skeletal muscle arterioles from old rats (16, 26) . In elderly human subjects, this impairment of myogenic reactivity results in an inability to reduce blood flow velocity within skeletal muscle following an increase in transmural pressure (21) . Thus the increased prevalence of orthostatic hypotension and intolerance observed with advancing age (4, 20, 36) may result, in part, from the decline in myogenic reactivity of intramuscular resistance arterioles.
Regular physical activity has been reported to attenuate central and peripheral cardiovascular dysfunction observed with aging. The maldistribution of skeletal muscle blood flow in old rats was rectified following exercise training (1) . In young rats, exercise training did not alter myogenic responses in soleus muscle feed arteries (15) ; however, adaptations to exercise may differ between feed arteries and intramuscular arterioles. The effect of exercise training on myogenic responsiveness has not been examined in skeletal muscle resistance arterioles from either young or old rats. Thus it remains unknown whether exercise training can correct aging-induced impairment of myogenic reactivity in skeletal muscle resistance arterioles.
Development of myogenic tone is determined by the vascular smooth muscle (34) , whereas the influence of the vascular endothelium on myogenic responsiveness is less clear. Removal of the endothelium from cremaster arterioles of spontaneously hypertensive rats had no effect on myogenic responses (11) . Endothelial denudation did not change the myogenic responsiveness of small femoral arteries (24) or coronary arterioles (18) ; however, denuded cerebral vessels demonstrated greater myogenic responses compared with intact vessels (14, 17) . Denudation also enhanced myogenic constriction of coronary arterioles from old, but not young rats (35) . Although it has been established that exercise training reverses age-related endothelial dysfunction in skeletal muscle arterioles (37, 39) , the modulatory effects of the endothelium on the myogenic responses in skeletal muscle resistance arterioles in models of aging and exercise training remain unexplored.
Our previous work demonstrated that blockade of voltagegated potassium (Kv) channels with 4-aminopyridine (4-AP) led to a greater degree of myogenic constriction in soleus muscle arterioles from aged rats compared with young rats (16) . Blockade with 4-AP also eliminated age-related differences in myogenic responsiveness. Thus age-related reductions in myogenic responsiveness may be linked to increased Kv channel activity (16) . The Kv1 isoform has been reported to be of particular importance in regulation of arteriolar myogenic activity (2) . In rat mesenteric arteries, treatment with the Kv1 channel blocker, correolide, resulted in greater myogenic constriction, similar to that seen with 4-AP (31) . Although Kv channels are recognized as important regulators of vascular smooth muscle tone and myogenic reactivity of resistance arterioles, their role in exercise training-induced adaptations of myogenic reactivity remains unknown (16) .
The primary goal of this study was to determine whether exercise training reverses age-related impairment of myogenic responses in skeletal muscle resistance arterioles. A secondary goal was to determine the contribution of the endothelium and Kv1 channels to observed differences in myogenic responses with advancing age and exercise training. To investigate the mechanisms that underlie potential aging-and exercise training-induced adaptations of the endothelium and vascular smooth muscle, myogenic responses were studied in endothelium-intact and endothelium-denuded arterioles isolated from the soleus muscle, a high-oxidative skeletal muscle (5) .
MATERIALS AND METHODS
This study was approved by the Institutional Animal Care and Use Committees at Texas A&M University, West Virginia University, and University of Florida. All methods adhere to the guidelines set forth in the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, 8th edition, 2011).
Young (4 -6 mo) and old (22-24 mo) male Fischer 344 rats were housed under a 12:12-h light-dark cycle and given food and water ad libitum. Fischer 344 rats were chosen because cardiovascular function decreases with age in these rats, without the development of atherosclerosis or hypertension (19) .
Exercise training. Rats were habituated to treadmill exercise by walking at 5 m/min (0°incline), 5 min/day for 3 days. Following habituation, young and old rats were randomly assigned to either a sedentary group or exercise-trained group. Exercise training consisted of treadmill running at 15 m/min (15°incline), 5 days/wk for 10 -12 wk. Exercise duration gradually increased over the first 4 wk from 20 min/day to 60 min/day. Training continued 5 days/wk for 60 min/day for the remainder of the training period.
Microvessel preparation. Rats were anesthetized with isoflurane (3%/O2 balance) and euthanized by excision of the heart. The soleusplantaris-gastrocnemius complex was carefully dissected free from both hindlimbs and placed in cold (4°C), filtered physiological saline solution (PSS) containing 145.0 mM NaCl, 4.7 mM KCl, 2.0 mM CaCl2, 1.17 mM MgSO4, 1.2 mM NaH2PO, 5.0 mM glucose, 2.0 mM pyruvate, 0.02 mM EDTA, 3.0 mM MOPS buffer, and 1 g/100 ml BSA, pH 7.4. Sections of soleus muscle were also stored at Ϫ80°C for determination of citrate sythase activity to verify the efficacy of the training program. With the aid of a dissecting microscope (Olympus SVH10), first-order (1A) arterioles were isolated from the soleus muscle. The 1A arterioles were defined as the first arterial branch off of the feed artery after the feed artery entered the muscle. The arterioles were transferred to a Lucite chamber containing PSS equilibrated with room air. Each end of the arteriole was cannulated with a micropipette and secured with nylon suture (Alcon 11-0 nylon microfilament). In denuded vessels, removal of the endothelium was achieved by passing 10 ml of air though the lumen of the vessel. Endothelial denudation was verified by lack of vasodilation to acetylcholine (10 M). After cannulation, the microvessel chamber was transferred to the stage of an inverted microscope (Olympus IX70) equipped with a video camera (Panasonic BP310) and video calipers (Microcirculation Research Institute, Texas A&M) to measure and record intraluminal diameter. Arterioles were pressurized to 50 mmHg with two independent hydrostatic pressure reservoirs. Arterioles exhibiting leaks were discarded. Vessels determined to be free of leaks were warmed to 37°C and allowed to develop spontaneous tone during a 30-to 60-min equilibration period. Vessels that did not develop a minimum of 10% tone were excluded from study. The bathing solution was changed every 20 min during equilibration.
Evaluation of myogenic responses. Following the equilibration period, active myogenic responses were assessed by increasing intraluminal pressure from 0 mmHg up to 100 mmHg, in 7 mmHg increments. Changes in pressure were maintained for 3 min, and steady-state diameter was recorded. To determine passive responses to pressure, vessels were incubated in calcium-free PSS containing 2.0 mM EDTA for 1 h and allowed to completely relax at an intraluminal pressure of 50 mmHg. Passive diameter changes to increasing intraluminal pressure were then determined.
Role of Kv channels. Myogenic constriction to incremental pressure changes was also evaluated in the presence of Kv1 channel blocker, correolide (0.1 M) (Merck Research Laboratories). Vessels were incubated with correolide for 20 min before and during evaluation of myogenic responses.
Data analysis. Responses were recorded as actual inner diameters. Spontaneous and myogenic tone were expressed as percent constriction relative to maximal diameter, calculated using the following formulas: Spontaneous tone (%) ϭ (IDmax Ϫ IDb)/IDmax ϫ 100 and Myogenic constriction (%) ϭ (IDmax Ϫ IDs)/IDmax ϫ 100. IDmax is the maximal inner diameter recorded after a 1-h incubation period in calcium-free PSS with 100 M sodium nitroprusside at an intraluminal pressure of 50 mmHg. IDb is the steady-state baseline diameter. IDs is steady-state diameter measured after each incremental pressure change.
Myogenic responses were compared by repeated measures ANOVA with pairwise comparisons to detect differences within (pressure) and between (experimental groups) factors. Group differences in animal and vessel characteristics were compared by 2-way ANOVA. All data are presented as means Ϯ SE. Statistical significance was set as P Յ 0.05. In all experiments, "n" indicates the number of animals studied.
RESULTS

Animals.
Body weight and soleus muscle weight increased with age (Table 1) . Exercise training significantly reduced body weight in old rats and increased soleus muscle weight in young rats. Training increased the soleus muscle weight-tobody weight ratio in both young and old rats.
Citrate synthase activity was greater in soleus muscles from both young and old rats after training (Table 1) , indicating the efficacy of the training program.
Isolated vessel characteristics. Maximal intraluminal diameter of soleus arterioles did not differ between groups. Spontaneous tone development was lower in arterioles from old rats compared with those from young rats. Spontaneous tone development was greater in denuded arterioles compared with intact arterioles in old rats (Table 1) .
Aging and exercise training effects. Myogenic constriction of endothelium-intact soleus muscle arterioles was lower in old rats compared with young rats (Fig. 1) , confirming previous findings (16, 26) . Exercise training enhanced myogenic constriction in arterioles from both young and old rats. Furthermore, myogenic constriction of arterioles from old, exercisetrained rats was restored to a level similar to that of arterioles from young sedentary rats (Fig. 1) . Passive responses to increasing intraluminal pressure were not changed with age or exercise training (data not shown).
Endothelial effects. Removal of the endothelium eliminated exercise training-induced enhancement of myogenic constric-tion of arterioles from both young and old rats (Fig. 2) . Age-related differences in myogenic constriction of arterioles from sedentary rats were also eliminated by endothelial denudation. In contrast, age-related differences in myogenic constriction persisted in denuded arterioles from exercise-trained rats (Fig. 2) .
Endothelial denudation did not alter myogenic constriction in arterioles from young sedentary rats (Fig. 3A) or old exercise trained rats (Fig. 3D) . Removal of the endothelium significantly decreased myogenic constriction in arterioles from young exercise-trained rats (Fig. 3C) , suggesting that production of an endothelial constricting factor was lost with denudation. In contrast, removal of the endothelium significantly increased myogenic constriction in arterioles from old sedentary rats (Fig. 3B ), suggesting that denudation eliminated an endothelial vasodilatory factor.
Kv1 channel activity. In arterioles from young sedentary rats, Kv1 channel blockade with correolide increased myogenic constriction at low pressures (45 and 60 mmHg) in endothelium-intact arterioles (Fig. 4A) , but had no effect in denuded arterioles (Fig. 4B) . In intact arterioles from old sedentary rats, Kv1 channel blockade increased myogenic constriction (Fig. 5A) , an effect that persisted only at the lowest pressure in denuded vessels (Fig. 5B) . Age-related differences in myogenic tone remained following Kv1 channel blockade in endothelium-intact vessels from sedentary rats, but were eliminated following denudation.
Treatment with correolide did not alter myogenic constriction in intact vessels from young exercise trained rats (Fig. 6A ), whereas incubation with correolide increased myogenic constriction in denuded vessels (Fig. 6B) . In intact arterioles from old exercise-trained rats, Kv1 blockade resulted in greater myogenic constriction (Fig. 7A) , an effect that persisted at low pressures in denuded vessels (Fig. 7B ).
There were no age-related differences in myogenic constriction following Kv1 channel blockade in intact vessels from exercise trained rats. In contrast, age-related differences in myogenic responses were present in denuded vessels from exercise trained rats treated with correolide.
DISCUSSION
The results of this study provide four main insights into the effects of aging and exercise training on myogenic function of skeletal muscle resistance arterioles. First, confirming our previous observations (16, 26) , the myogenic responsiveness of rat skeletal muscle arterioles decreases with advancing age. Second, exercise training reverses the myogenic dysfunction observed with advancing age, and enhances myogenic function in arterioles of healthy, young rats. Third, differences in myogenic constriction in skeletal muscle resistance arterioles observed with aging and exercise training are mediated, in part, by adaptations of the endothelium. Fourth, the modulation of myogenic constriction by Kv1 channels changes with aging in skeletal muscle arterioles, and the effects of exercise training on the modulation of myogenic constriction by Kv1 channels are age specific. Orthostatic intolerance, observed with aging in both humans (20) and animals (32), may result, in part, from an inability to maintain peripheral vascular resistance due to impaired myogenic reactivity. Previous work has demonstrated that both endothelium-dependent vasodilation and myogenic responsiveness decrease in skeletal muscle arterioles of aged rats (16, 26, 27, 37, 39) . The current results confirm that myogenic constriction of soleus muscle arterioles declines with age and demonstrate that this decline in myogenic constriction is due to mechanistic changes in both the endothelium and the vascular smooth muscle.
Exercise training restored myogenic constriction in arterioles from old rats to that of young sedentary rats and enhanced myogenic constriction in arterioles from young rats. Similarly, exercise training has been shown to reverse age-induced vasomotor dysfunction in various vascular beds (3, 7, 8, 25, 37, 39) . Impaired endothelium-dependent vasodilation observed with aging was reversed by an exercise training program in both humans (6) and rats (37) . Exercise training also attenuated ␣-adrenergic (8) and angiotensin II-mediated (30) vasoconstriction in rat skeletal muscle arterioles. In rat gastrocnemius muscle, the age-induced redistribution of flow away from the oxidative portion of the muscle toward the glycolytic portion of the muscle during exercise was reversed by exercise training (1) . In addition to contributing to improved distribution of skeletal muscle blood flow during exercise, enhancement of myogenic constriction by exercise training may improve dynamic regulation of peripheral vascular resistance with aging, thus contributing to improved blood pressure regulation during postural changes and reduction of orthostatic intolerance in elderly populations.
The current results indicate that endothelial adaptations contribute to alterations in myogenic activity of arterioles that occur with aging and exercise training. Training-induced increases in myogenic activity were eliminated in denuded arterioles. In arterioles from young rats, removal of the endothelium eliminated the enhancement of myogenic constriction produced by exercise training, suggesting that exercise training increased release of an endothelium-derived vasoconstrictor signal that contributes to the enhanced myogenic constriction in intact arterioles. In arterioles from old rats, both exercise training and removal of the endothelium reduce a vasodilatory endothelial signal that contributes to the reduction of myogenic responsiveness in intact vessels. Overall, the current results suggest that, in intact arterioles from young animals, exercise training promotes endothelium-mediated vasoconstriction. In arterioles from young sedentary rats, the current results suggest that a balance exists between endothelium-derived vasodilatory and constrictor mechanisms that modulate myogenic tone. With old age, the balance of endothelial modulation is shifted toward increased vasodilatory modulation that reduces myogenic constriction. Exercise training restores the balance between endothelial vasodilatory and contractile modulation of myogenic responsiveness in arterioles from old rats.
The majority of previous studies have found no effect of endothelial denudation on myogenic responses (11, 18, 23, 43) , leading to the conclusion that the endothelium does not play a role in the development of myogenic tone. Of the studies suggesting a role for the endothelium in myogenic responses, most were performed in cerebral arteries (14, 17) , indicating the endothelium may be vital to myogenic responsiveness in that vascular bed. Importantly, most studies showing no effect of denudation on myogenic responses were performed in young animals (11, 18, 23) . The current results are consistent with these reports; removal of the endothelium did not alter myogenic constriction of arterioles from young sedentary rats. Shipley and colleagues (35) also reported that denudation had no effect on myogenic constriction of coronary arterioles from young rats; however, in old rats, denudation enhanced myogenic constriction in coronary arterioles, similar to our current observations in soleus muscle arterioles. Therefore, although the endothelium may not have a net influence on myogenic constriction in resistance arterioles from healthy, young animals, alterations occurring in the endothelium do appear to contribute to diminished myogenic reactivity in skeletal muscle resistance arterioles with advancing age. Exercise training also appears to induce endothelial adaptations that alter myogenic reactivity in skeletal muscle resistance arterioles, but these endothelial adaptations are age specific. Our previous work indicated that increased Kv channel activity contributes to age-induced impairment of myogenic activity in skeletal muscle arterioles (16) . Because Kv1 channels have been shown to play an important role in regulation of myogenic reactivity in small resistance vessels (31), we hypothesized that Kv1 channel activity increases with aging and decreases with exercise training in soleus muscle arterioles. Since Kv1 channels are thought to be localized to the plasma membrane of the vascular smooth muscle, it seemed unlikely that the myogenic constriction in the presence of Kv1 channel blockade would be significantly altered by the presence of the endothelium. To delineate the role of Kv1 channel activity in the smooth muscle and the endothelium, we assessed myogenic constriction in both intact and denuded arterioles in the presence and absence of correolide, a blocker of Kv1 channel activity. Indeed, our results indicate greater modulation of myogenic constriction by Kv1 channels in arterioles from aged sedentary rats; however, this modulatory effect is exerted both through the endothelium as well as the vascular smooth muscle (Fig. 4, A and B, compared with Fig. 5, A and B) . Within the Kv1 family, Kv1.5 channels are abundantly expressed in vascular smooth muscle cells (22, 31) . However, Kang et. al. (16) observed that Kv 1.5 channels do not contribute to age-related increases in Kv channel activity in rat soleus arterioles, suggesting that other Kv1 family members are responsible for the age-related Kv1 channel modulation of myogenic tone. In contrast to our hypothesis, blockade of Kv1 channels with correolide increased myogenic constriction in arterioles from both young and old exercise trained rats ( Fig. 6B and Fig. 7 , A and B), suggesting that exercise training increases Kv1 channel activity in skeletal muscle arterioles. Additionally, the increase in Kv1 channel activity was apparent in both intact and denuded arterioles, suggesting that the increased Kv1 activity alters both endothelial and smooth muscle reactivity to transmural pressure.
Incongruent myogenic constriction between intact and denuded arterioles in the presence of a Kv1 channel blocker may indicate that interactions between the endothelium and vascular smooth muscle of skeletal muscle arterioles are altered by ], paralleling the prolonged constriction observed in the vessels, and suggesting that the phenylephrine-induced rise in [Ca 2ϩ ] within the vascular smooth muscle diffuses into the endothelium via myoendothelial gap junctions. Connectivity between the endothelium and the vascular smooth muscle may contribute to our findings that blockade of Kv1 channels produced differential modulation of tone in intact vs. denuded arterioles. Further experiments will be needed to determine the mechanisms that underlie the agingand exercise training-induced adaptations in the endothelium and vascular smooth muscle of skeletal muscle arterioles.
Release of endothelial factors has been reported to activate Kv channels in the smooth muscle of arteries and arterioles from various vascular beds. In pulmonary arteries, nitric oxidemediated relaxation is inhibited by 4-AP (42) , and in middle cerebral arteries relaxation to authentic prostaglandin I2 (PGI2) is partially blocked by 4-AP (9). Activation of eNOS and endothelium-dependent relaxation of aorta induced by apocycnin is prevented by 4-AP, suggesting that Kv channels contribute to both endothelial and smooth muscle responses to this NADPH oxidase inhibitor (12) . Hydrogen peroxide elicits relaxation of mesenteric arteries through activation of 4-APsensitive channels (29) . In the present study, correolide increased myogenic tone of intact arterioles from young sedentary, old sedentary, and old exercise trained rats, but did not alter myogenic tone in arterioles from young exercise trained rats, suggesting that endothelium-derived factors activate Kv1 channels opposing myogenic tone in arterioles from young and old sedentary rats. Exercise training appears to reduce this endothelial modulation of tone by Kv1 channels in arterioles from young, but not old rats. Our previous work indicates an increase in the contribution of hydrogen peroxide to endothelium-dependent vasodilation increases with age (38); thus it is possible that endothelium-derived hydrogen peroxide is contributing to activation of correolide-sensitive Kv1 channels, opposing myogenic tone development in arterioles from young and old sedentary rats. Exercise training appears to reduce this modulation of Kv1 channels in arterioles from young, but not old rats.
In this study, we focused on endothelial mechanisms, and specifically Kv1 channels, in adaptations of myogenic constriction. Other important mechanisms could also contribute to altered myogenic reactivity in skeletal muscle arterioles from aged or exercise trained rats. Indeed, previous work suggests that alterations in calcium-activated channels may also contribute to age-induced impairment of myogenic constriction in skeletal muscle arterioles (16) . Although we did not investigate changes to wall structure in this study, remodeling of the vascular wall that occurs with exercise training in both conduit (33, 40) and resistance arteries (13, 39) may contribute to altered myogenic constriction. Exercise training stimulates both local and systemic effects that influence vascular structure and function, and adaptations such as the enhanced myogenic constriction reported here result from these combined effects.
In conclusion, myogenic constriction in skeletal muscle resistance arterioles is diminished with advancing age. Exercise training restores myogenic constriction in arterioles from aged rats and further enhances reactivity in arterioles from young rats. These changes in myogenic constriction with aging and exercise training appear to be mediated by both endothelial and vascular smooth muscle mechanisms.
